expressing EphA3 project onto the rostral tectum, bewhich are expressed in a high-nasal-to-low-temporal cause they are deflected from the caudal part of the pattern. In the stripe assay, only temporal axons are tectum through the repellent activity of two ephrinA linormally sensitive for repellent axon guidance cues of gands, ephrinA2 and ephrinA5, which are expressed in the caudal tectum. However, overexpression of ephrinA overlapping gradients in the tectum in a high-caudalligands on temporal axons abolishes this sensitivity, to-low-rostral manner. whereas treatment with PI-PLC both removes ephrinA Besides these three molecules, there are at least nine ligands from retinal axons and induces a striped outother Eph family members expressed during developgrowth of formerly insensitive nasal axons. In vivo, ment of the retinotectal projection, often in dynamic retinal overexpression of ephrinA2 leads to topospatially and temporally restricted patterns. graphic targeting errors of temporal axons. These data RNA in situ hybridization analyses showed that ephrinA5 suggest that differential ligand expression on retinal is expressed not only in the optic tectum but also in the axons is a major determinant of topographic targeting nasal part of the retina of mouse, zebrafish, and chick in the retinotectal projection. of the retinotectal projection.
Figure 1. Expression Patterns of EphA Family Members in the Eye and Optic Nerve at E6
Immunohistochemical analysis of horizontal sections of the head region of a chick embryo cut at the level of the optic nerve head, the exit point of retinal fibers into the optic nerve. A monoclonal antibody has been used that is specific for EphA4 (A), EphA3 (C), ephrinA2 (E), or ephrinA5 (G). (I) shows immunofluorescence analysis omitting the first antibody. To identify the pathway of retinal fibers devoid of cell nuclei in the eye, corresponding DAPI stainings to (A), (C), (E), (G), and (I) are shown in (B), (D), (F), (H), and (K). Nasal retina has been oriented to the right, temporal retina to the left. Abbreviations: n, nasal; od, optic disc; ofl, optic fiber layer; on, optic nerve; t, temporal; and vb, vitreous body. The thickness of the optic fiber layer has been labeled with a square.
Results

ingrowth of retinal axons into the tectum (Mey and Thanos, 1992).
In the E6 retina, the EphA4 receptor is expressed at Expression Pattern of EphA Family Members on Retinal Ganglion Cell Axons similar levels in the optic fiber layer of nasal and temporal retina ( Figure 1A ), while EphA3 expression is almost The expression patterns of EphA3 (Cek4) and EphA4 (Cek8) and their ligands ephrinA2 and ephrinA5 in the exclusively confined to the fiber layer of the temporal retina ( Figure 1C ). EphrinA2 is asymmetrically expressed developing retinotectal projection were investigated on retinal explants and cryostat sections at embryonic day in the retina, with a stronger expression in the nasal half than in the temporal half ( Figure 1E ). Such an asymmetric 6 (E6) with specific monoclonal antibodies (see Experimental Procedures). The first retinal axons leave the eye expression is much more pronounced for ephrinA5, which is mostly confined to nasal retinal fibers (Figure at E3 and start to invade the tectum at E6; thus, the analysis at this time point covers the period of the early 1G). These patterns are particularly obvious at the optic 
B), (D), (F), and (H) represent phase contrast pictures of (A), (C), (E), and (G). Magnifications are 40ϫ for (A) through (F) and 100ϫ for (G) and (H).
disk, the exit point of retinal axons into the optic nerve. nasal retinal axons ( Figure 2C ). The patch-like appearance of ephrinA5 expression on retinal axons possibly The expression of all four Eph family members on retinal fibers is underlined by staining the sections in parallel might be due to the particular features of GPI-anchored proteins. Molecules carrying this type of membrane anwith 4',6-diamidino-2-phenylindole (DAPI), which labels cell nuclei but not the fiber layer (Figure 1) . Importantly, chorage have been shown to cluster in microdomains of the membrane having special lipid compositions staining is not confined to the retina but is seen also in the optic nerve, indicating the expression of these (Friedrichson and Kurzchalia, 1998; Varma and Mayor, 1998). A similar patchy staining pattern of retinal axons proteins on retinal fibers after exiting the eye and while growing toward the tectum. However, we cannot exwas observed for ephrinA2, which likewise could be removed by PI-PLC treatment. However, in contrast to clude the possibility that part of the optic nerve staining results from the staining of glial cells expressing Eph ephrinA5, this molecule was found to be expressed also on temporal axons, albeit at lower concentrations than receptors or ligands.
To further characterize the expression of Eph ligands on nasal axons (data not shown). An overview of the expression patterns of the anaon retinal ganglion cell (RGC) axons, retinal explants were stained with antibodies specific for ephrinA2 and lyzed EphA family members in the retina and the tectum is given in The EphA receptors EphA4 and EphA5 are uniformly expressed in the retina, whereas EphA3 is expressed in the temporal retina in a gradient, and there is little or no expression in the nasal retina. EphrinA2 and ephrinA5 are expressed in the retina in a high-nasal-tolow-temporal gradient, whereby the expression domain of ephrinA5 is restricted more to the nasal retina than that of ephrinA2. Both ligands are expressed in the tectum in a highcaudal-to-low-rostral gradient. The expression domain of ephrinA5 is restricted more to the caudal half of the tectum than that of ephrinA2. The projection of temporal axons onto the rostral tectum and the projection of nasal axons onto the caudal tectum are indicated.
overexpressing these ligands on temporal retinal axons. in the standard stripe assay with rostral and caudal tectal membranes as substrates (Walter et al., 1987) . In To do this, we used replication-competent RCAS(B) retroviruses (Hughes et al., 1987; Fekete and Cepko, 1993;  total, seven independent stripe assay experiments were performed in which, in each case, three retinas from Morgan and Fekete, 1996) containing the cDNAs for ephrinA2 or ephrinA5. High-titer viral stocks (Ͼ10 8 IU/ infected embryos and one or two retinas from control infected embryos were analyzed. About four to six retinal ml) were injected through the posterior wall of the right optic vesicle into the joined optic vesicle/optic stalk/ explants per embryo were analyzed in the stripe assay (ephrinA5: n ϭ 80, with 15 embryos; ephrinA2: n ϭ 36, prosencephalon ventricle of the embryonic forebrain at Hamburger-Hamilton (HH) stages 10-12 (10-14 sowith 6 embryos; controls RCAS(B) and RCAS(B), containing alkaline phosphatase: n ϭ 54, with 9 embryos). mites). The injected eggs were further incubated until E7, after which retinas were dissected out and analyzed When summing up the behavior of retinal axons within a similar neutralizing activity that might have been derived from the secretion of overexpressed A ephrins, for example. To test this, medium from such stripe assays noninfected nasal retina cut into thirds along the nasowas used in an additional series of stripe assays using temporal axis showed a gradient of phosphorylation of uninfected retinas. The normal striped outgrowth of temthe EphA4 receptor in the nasal retina that was highest poral axons was preserved (data not shown). It is therein the very nasal part of the retina and that weakened fore unlikely that the loss of guidance of temporal axons toward the center (data not shown). from ephrinA5-infected retinas is due to a neutralizing These data point to an interesting correlation between activity contained in the cell culture medium.
EphA4 receptor phosphorylation and the behavior of retinal axons in the stripe assay, in that tyrosine phosPhosphorylation Pattern of EphA4 phorylation of this receptor is linked to the insensitivity Next, we investigated whether the phosphorylation of the axons to tectal guidance cues; temporal axons patterns of EphA receptors are affected by the memof control (infected) retinas carrying nonphosphorylated brane-bound, overexpressed A ephrins. Normally, EphA EphA4 receptor show a selective outgrowth in the stripe receptors on nasal axons (e.g., EphA4) are activated by assay, and nasal axons with a tyrosine-phosphorylated endogenous A ephrins, whereas EphA receptors like EphA4 show no guidance in stripe assays. In ephrinA5-EphA3 and EphA4, which are on temporal axons with overexpressing retinas, EphA4 is phosphorylated on little endogeneous A ephrin expression, are not (Connor both temporal and nasal axons, and concommittantly, et al., 1998). This phosphorylation pattern might have both types of retinal axon have lost their capacity for been affected by overexpression of A ephrins on temposelective outgrowth. ral retinal axons, leading to the observed phenotype.
To test this, we concentrated on the EphA4 receptor, which is uniformly expressed in the retina and on retinal PI-PLC Treatment of Retinal Axons Induces the Sensitivity of Nasal Axons axons. Lysates of nasal and temporal retinas were analyzed by immunoprecipitation with an EphA4-specific toward EphrinA2
As the overexpression of ephrinA ligands on temporal antibody and subsequently immunoblotted with an antiphosphotyrosine antibody. We find that in normal and axons abolishes their sensitivity to the tectal guidance cues, we examined whether the removal of ephrinA licontrol infected retinas, EphA4 is phosphorylated in the nasal but only faintly in the temporal retina ( Figure 5 ).
gands from retinal axons would render them sensitive to ephrinA2 (or caudal membranes), which they are norHowever, in retinas infected with an ephrinA5-expressing retrovirus, the EphA4 receptor on temporal axons mally not (Nakamoto et al., 1996; Monschau et al., 1997). We used PI-PLC, which specifically cuts off GPIwas also strongly tyrosine phosphorylated ( Figure 5) .
Additionally, a tyrosine phosphorylation analysis from anchored proteins (Low, 1989), to shed both ephrinA2 6B and 7) . In a number special silicone matrix forming a stripe-like channel system is placed on a nitrocellulose-covered plastic surof experiments, we observed a complete repulsion similar to the behavior of temporal axons, but we often also face. Subsequently, injected soluble, clustered A ephrins will be bound in a striped fashion to this surface (see found only a partial repulsion, which was possibly due to an incomplete shedding of A ephrins by PI-PLC from Experimental Procedures). We used a soluble chimeric ephrinA2 molecule in which the hydrophobic C terminus retinal axons ( Figure 6C ; see also Experimental Procedures). We were restricted in the amount of PI-PLC we is replaced by the Fc part of a human immunoglobulin 
Retinal Overexpression of EphrinA2 Leads
The overshooting of retinal axons is still seen at a to Topographic Targeting Errors of later stage of development on E17.5 (n ϭ 4). In contrast Temporal Axons in the Tectum to the frequently disturbed projection of temporal axons, We were interested in analyzing whether ephrinA overthe analysis of 11 nasal projections did not uncover clear expression on retinal axons leads to any defects in the retinotopic defects (Table 1) . topographic patterning of retinal axons in vivo. To invesInfections with control viruses did not affect the retinotigate the behavior of retinal fibers in ephrinA2-overextectal projection; thus, focused TZs of temporo-dorsal pressing embryos (injections were made into the right (n ϭ 7) and somewhat less focused TZs of naso-dorsal optic vesicle at E1.5, as described above), small popula-(n ϭ 4) axons, with few overshooting axons, were obtions of retinal axons were labeled at E14.5 by inserting tained (Figure 8 ; Table 1 were detected in the tectum, excluding the objection 1989). At that time, DiI labeling shows retinal axons prothat the topographic targeting defects observed here jecting directly and without branching to the TZ, and are associated with an ectopic overexpression of A almost no overshooting of axons is apparent (see, e.g., ephrins in the tectum. Indeed, the effects observed here Figure 8 ).
(overshooting of temporal axons into the mid-and cauAfter retinal overexpression of ephrinA2, in total, 29 dal tectum) are the opposite of those seen after overextemporo-dorsal and 11 naso-dorsal projections were pression of ephrinA2 in the tectum (Nakamoto et al., obtained for which the guidance behavior on the tectum 1996), where the TZs of temporal axons were shifted could be analyzed clearly. As shown in Table 1 , retinotoward more rostral parts of the tectum; moreover, temtopic errors of temporo-dorsal axons were found in 25 poral axons were sometimes deflected from patches of out of these 29 cases. They were further classified into ectopic ephrinA2. Conversely, no overshooting of temthose with strong-to-medium targeting defects (14 of poral axons was reported, which would, in light of the 29) and those with medium-to-weak defects (11 of 29). data presented here, suggest that a spread of the viral The basis for this classification were the compactness infection from the mesencephalon to the optic vesicle of the TZ, if present at all, and the number of axons overshooting this zone.
had occurred. receptor tyrosine kinases, coexpression of ligands and It is also possible to imagine that binding of ligand to receptors is a well-known phenomenon and is seen, receptor on the same or adjacent axons (see below) e.g., for hepatocyte growth factor/Met (e.g., Anastasi et could result in a pool of "silenced" receptors, with the al., 1997) or in the coexpression of brain-derived neuroconsequence of a complementary pool of "free" receptrophic factor and trkB on retinal ganglion cell axons tors that still can be activated externally. Thus, the higher possibly involved in differentiation and proliferation the axonal ligand concentration, the lower the pool of (e.g., Herzog and von Bartheld, 1998). free receptor and thus the lower the sensitivity to external cues.
Conclusions and Outlook It remains to be determined whether the modulation of
The effects seen after perturbation of asymmetric ligand EphA receptor function by coexpressed ephrinA ligands expression in the retina suggest a model in which the can be cell-autonomous, i.e., whether an interaction of guidance of retinal axons in the tectum is controlled to receptors and ligands between adjacent axons and/or a large extent by a differential (possibly graded) expreson the same axon is the basis for the observed effects.
sion of ephrinA ligands on ingrowing retinal axons but is based on uniform EphA receptor expression on these Topographic Targeting Errors of Temporal Retinal axons. Thus, a "nasal" behavior, i.e., lower sensitivity Axons after Retinal EphrinA2 Expression to tectal guidance cues and projection to the caudal This idea was strengthened by data derived from in vivo tectum, is determined by the higher expression of ligand experiments that were in general agreement with the in on retinal axons, whereas a "temporal" behavior, i.e., vitro data; after retinal overexpression of ephrinA2, in a higher sensitivity to the repellent cues, is determined high number of cases, a topographic perturbation of by the lower expression of A ephrins. Either of these temporal axons was observed. Temporal axons often behaviors can be obtained for temporal and nasal axons projected not to their correct retinotopic position on the by "simply" varying the level of ligand expression. Still, rostral tectum but to the midtectum and caudal tectum, we believe that EphA receptors execute the guidance suggesting a decreased sensitivity of these axons to program by influencing locally, e.g., the assembly and the repellent activity of the caudal tectum. Retinal axons disassembly of the actin cytoskeleton, but it does apcould also be seen to overshoot at a later stage of pear that in doing so, the level of ligand expression development (E17.5), which suggests that the topodetermines the decisive concentration of active EphA graphic mistargeting of temporal axons is not due to receptors available. a retarded development of the retinotectal projection Interestingly, the expression patterns of ephrinA2 and (Nakamura and O'Leary, 1989). ephrinA5 in the retina and the tectum appear to be surThus far we have not observed significant topographic prisingly similar (see Figure 3) ; the expression domain of errors of nasal axons comparable to those seen for temephrinA5 is confined to nasal retina and caudal tectum, poral axons. Possibly, nasal axons are less sensitive whereas that of ephrinA2 extends further into temporal than temporal axons to ephrinA2 overexpression, beretina and rostral tectum. Viewed from this angle, axons cause they even normally express ephrinA2 at high levwith high ligand concentration (nasal axons) connect to els. At present, we are also investigating the possibility regions of the tectum with high ligand concentration that retinal overexpression of ephrinA5 is more effective (caudal), and axons with low ligand concentration (temin disturbing the retinotopic projection of nasal axons. poral axons) connect to regions in the tectum with low ligand concentration (rostral , dishes were and the Fc region of the human immunoglobulin gene and were transiently produced in COS cells and purified from the culture sucovered with F12 medium until retinal stripes were placed on these stripes. To identify and confirm the correct formation of stripes, the pernatants with a protein G-Sepharose column (Ohta et al., 1997) . BALB/c female mice were immunized with these chimeric proteins, solution first injected was prepared with 110 g/ml FITC-dextran. PI-PLC (Boehringer Mannheim) was used where indicated at conand mAbs were produced as described previously (Ohta et al., 1996) . The specificity of these mAbs was confirmed by staining transcentrations of 0.3-0.55 U/ml. The assay was found to be somewhat susceptible to artifacts, formant cell lines of 293-EphA3, 293-EphA4, 293-ephrinA2, and 293-ephrinA5. Each of the monoclonal antibodies used is specific for e.g., unspecific avoidance of the stripes generated first. Extensive care was taken to ensure proper controls within each experiment the respective protein and does not cross-react with closely related family members (e.g., there is no cross-reactivity of the monoclonal performed. The only experiments taken into consideration were those that showed more than 80% correct decisions in controls antibody against ephrinA5 to ephrinA2 and vice versa).
Staining of Sections
(n Ͼ 10; ephrinA2-Fc/␣Fc versus Fc/␣Fc and Fc/␣Fc versus Fc/ ␣Fc). Out of a set of eight experiments, only three fulfilled these Embryos of the indicated developmental age were fixed overnight in 4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS) and criteria. In the other experiments, controls were usually in the range of 55%-65%, but even here, in most cases (three of five) a clear stored in 30% sucrose/PBS. Cryostat sections (20 m) from these embryos were dried for 2 hr at room temperature and rehydrated increase in the percentage of nasal axons showing a striped outgrowth was observed. for 10 min in PBS. Sections were incubated for 5 min in 50% methanol/PBS, 30 min in 3% H 2 O 2 /methanol, and 3 min in 50% methanol/ PBS. After washing three times for 10 min in PBS, sections were Cloning of Retroviral Constructs blocked for 2 hr in 2% blocking reagent (Boehringer Mannheim), A fragment from the cDNA encoding ephrinA2 was amplified by 10% inactivated newborn goat serum, 5% sucrose, 0.3% Triton PCR using the primers 5Ј-ATA TAC CAT GGC GCG CTG GGA-3Ј X-100, and 50 g/ml avidin (Sigma) in PBS and incubated with and 5Ј-GCA CTA AGA GCC CAG CAG A-3Ј, introducing an NcoI site the first antibody (about 5 g/ml) overnight at 4ЊC. After washing, at the initiation codon. This fragment was cloned into a NcoI/SmaI sections were incubated for 10 min in 100 M d-biotin (Sigma)/PBS. vector of the pCla12Nco helper plasmid, from which the correspondBiotinylated secondary antibody (anti-mouse IgG from horse) was ing ClaI fragment containing the 5Ј untranslated region of v-src was applied at 1:1000 to 1:2000 in blocking solution (without avidin) for cloned into pRCAS(B). In a similar way, an ephrinA5 containing 1 hr at room temperature. After washing, sections were incubated retrovirus was cloned with the primers 5Ј-ATA TAC CAT GGC GCA in an avidin-biotin peroxidase complex (ABC kit, Vector) for 1 hr.
CGT GGA G-3Ј and 5Ј-GGA GCA TAC TGT GCT ATA ATA TC-3Ј. After washing, sections were incubated for 5 min in 2 g/ml DAPI/ High-titer stocks were generated by transfection of these plasmids PBS and washed. GmbH (Cuxhaven, Germany; virus-free specific pathogen-free eggs) Staining of Explants were Ͼ10 8 IU/ml. Coverslips were incubated in poly-L-lysine (1 g/ml) and laminin (20 g/ml) for 2 hr each before retinal explants from E6 embryos
